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Introduction
EHD or electro-hydrodynamic thrusters are commonly known as electro-kinetic devices which utilize the physics of corona discharges. The devices can generate propulsive force under the atmosphere of the Earth. It seems that the devices can also be utilized under the planetary environments such as Mars and Jupiter. Many studies including numerical simulation, experimental works, and the constructions of theory are dedicated to the EHD devices.
1)-9) The propellant-less nature of the device can expand the applications at various environments. In our previous paper, 1) the application to planetary exploration under Martian atmosphere was proposed and the WKUHHÀXLG PRGHO LQWURGXFHG ODWHU LQ WKLV SDSHU ZDV DSSOLHG to the EHD thrusters to evaluate the performance. It should be (Received July 31st, 2015) QRWHG WKH GHYLFH FDQ EH XWLOL]HG IRU ÀRZ PDQLSXODWLRQ 10) which is often called CDPAs (Corona Discharge Plasma Actuators). In other words, the result obtained from the present study can also be applied to the body force evaluation of CDPAs or even DBDPAs (Dielectric Barrier Discharge Plasma Actuators), thus FDQ JLYH VWULNLQJ LPSDFW RQ WKHVH ¿HOGV ,Q WKLV VWXG\ ZH FRQ sider the gas composition in the simulation as the atmosphere of the Earth in order to compare the simulation result with an experiment, however, the methods presented in this paper can be easily extended to atmosphere of other planets such as Martian atmosphere, only by varying parameters of the gas composition.
The mechanism of the EHD thrusters would be explained EULHÀ\ DV IROORZV $V VNHWFKHG LQ )LJ WKH (+' WKUXVWHUV DUH usually composed of two electrodes, namely an emitter and a collector. The emitter electrode has higher curvature than that of collector electrode. When the applied voltage between these electrodes is high enough to initiate corona discharge, the ionization process can occur near the emitter. The ionized gas drift toward the collector and collide with the collector, gener-DWLQJ VHFRQGDU\HOHFWURQV DV VKRZQ LQ )LJ )LQDOO\ WKH (+' thrusters can achieve a steady-state. During these processes, the ionized gas component collides with neutral particles around WKH (+' WKUXVWHU DV VKRZQ LQ )LJ $QG WKHQ WKH PRPHQWXP exchange between the gas and the EHD thruster itself happens, and thereby generating thrust.
To ZLWK WKUHHÀXLG FRPSRQHQWV 7KH PRGHO WDNHV LQWR DFFRXQW EH havior of electrons, positive ions, and negative ions, thus enables us to solve even inside the ionization zone without putting any assumptions on boundary conditions. In other words, the boundary of ionization zone vanishes. Instead, the ionization and drift zones are considered as the same region as shown in )LJ 7KH IDFW LPSOLHV WKDW WKH FRPSXWDWLRQDO PHVK PXVW EH ¿QHU WKDQ WKDW RI WKH RQHÀXLG PRGHO WR UHVROYH WKH VKHDWK UH gion around the emitter, thus in turn, the computational costs would increase. We use almost the same unstructured mesh in ERWK PRGHOV 7KH FRPSXWDWLRQDO GRPDLQ LV VKRZQ LQ )LJ The radius of the emitter is set to 101 μm, and that of the collector is set to 0.3175 cm. The distance between the emitter right surface and the collector left surface, d, is set to 1 cm or 3 cm. It should be noted that these conditions are the same ones as in the experiment done by Masuyama et al. 2) )RU WKH RQHÀXLG model, the radius of the emitter is evaluated a bit larger than the actual value, because ionization region around the emitter is not included in the computational domain. This matter would be explained later. The following subsections, two models are LQWURGXFHG $V D VSDFH GLVFUHWL]DWLRQ RI WKHVH PRGHOV )(0 )L nite Element Method) with SUPG (Streamline Upwind Petrov *DOHUNLQ PHWKRG LV FRPPRQO\ DSSOLHG )RU WKH ¿QLWH HOHPHQW four-nodes isoparametric element is used and it is integrated by 2 nd order Gauss-Legendre method.
The One Fluid Model
In this subsection, almost the same simulation model with Martins et al. 
$OVR EDVHG RQ WKH 3HHN ¶V HPSLULFDO IRUPXOD WKH HOHFWULF ¿HOG strength necessary to initiate corona discharge is calculated as follows,
)LJ 7KH FRQFHSW RI LRQL]DWLRQ ]RQH LQ WKH WKUHHÀXLG PRGHO QRW in scale).
It should be noted that all the radii must be calculated in centimeter unit. According to Eq. (1), the radius of ionization zone is obtained,
By combining Eq. (2) and (3), the following expression is obtained,
The potential drop in the ionization zone is obtained by integrating Eq. (1),
And, the new potential difference is given by,
The governing equations which describe the physics outside the ionization zone are as follows,
where,
Eq. (7) and (8) mean that space charge is preserved in the drift zone.
The Poisson equation concerning electric potential must also be considered in the drift zone.
7KH HOHFWULF ¿HOG LV GHULYHG IURP WKH HOHFWULF SRWHQWLDO
Boundary conditions is as follows.
2Q WKH DQRGH LQ WKLV FDVH HPLWWHU HOHFWURGH
)LJ 7KH FRPSXWDWLRQDO GRPDLQ DQG WKH JHRPHWU\ RI (+' WKUXVWHU in this study (in scale, d = 1 cm).
2Q WKH FDWKRGH LQ WKLV FDVH FROOHFWRU HOHFWURGH
2Q WKH RSHQ ERXQGDULHV
It should be noted that, since there is gauge freedom of electric potential, only the quantity,φ 0 =φ A −φ C LV LPSRUWDQW )RU D GH termination of positive ion density at an anode expressed in Eq. .DSWVRY ¶V DVVXPSWLRQ LV DSSOLHG )RU SRVLWLYH LRQV RQO\ nitrogen ion is assumed, thus μ p is set to 2. To solve the equations iteratively with appropriate boundary conditions, DN (Damping Newton Raphson) method coupled with a feedback equation is applied. There are two iteration loops in the algorithm. The inner loop is the DN method, and the outer loop is the determination of boundary values using Kaptsov's assumption.
Let's begin with an explanation of DN phase. Substituting Eq. (8) to Eq. (7), we obtain,
To linearize the equation, we put,
By putting the assumption that high order term regarding delta can be ignored, then we obtain the equation as follows,
Similarly, we obtain the equation for the Poisson equation as follows,
By discretizing these term in the grid, we obtain the following expression, 
It should be noted that ω 1 is usually less than unity in the framework of DN. This procedure is continued until both of |{ f k }| 2 and |{δx k }| 2 is converged. Next, a treatment of the outer loop would be explained. The numerical expressions of Kaptsov's assumption is aggregated to the following feedback equation, 
)RU SRVLWLYH LRQV
where, J p LV VDPH DV (T )RU QHJDWLYH LRQV
And the Poisson equation for φ is expressed as follows, 
)RU WKH ERXQGDU\ FRQGLWLRQV RI HOHFWULF SRWHQWLDO WKH FRQGLWLRQV RI (T DQG (T DUH DSSOLHG )RU VZDUP SDUDPHWHUV such as ionization and attachment coefficient, mobility and diffusion coefficient, the formula assuming air-like fuel gas given by Morrow et al. 11 ) is adopted. The temperature is set to 300 K, the pressure is set to 101 kPa. The computational mesh used LQ WKH PRGHO QHDU WKH HPLWWHU LV VKRZQ LQ )LJ ,W LV DSSDUHQW WKDW WKH PHVK LV TXLWH ¿QHU WKDQ WKDW IRU WKH RQHÀXLG PRGHO WR resolve the sheath region precisely. Also, the radii of the "electrode" are different. As explained before, this is because the meaning of "electrode" is also diffHUHQW EHWZHHQ WKH RQHÀXLG PRGHO DQG WKH WKUHHÀXLG PRGHO As a method of time marching, 1 st order backward Euler method is applied. To determine the time step, the following criteria 12) is taken.
The condition Eq. (38) is usually less prohibitive than standard &)/ FRQGLWLRQV +RZHYHU LQ WKH SUHVHQW VWXG\ &)/ QXPEHU LV set to greater than 10 3 with implicit method for acceleration of the calculations. This means that Eq. (38) becomes the most prohibitive factor in the calculation.
Evaluation Method of the Thrust and the Current
To estimate the thrust of the EHD thrusters, Coulomb force at any place in the computational domain which is represented in Eq. (38) must be integrated, namely,
(39)
However, Eq. (40) is insufficient to calculate the thrust that acts on the electrodes. Let's substitute the Poisson's equation Eq. (9) to Eq. (40) and delete the charge density term. Then, the following expression is obtained.
By putting,
and using the Gauss's law, the surface force density on the electrodes is obtained as follows,
In this expression, the force acting on the electrodes is separately calculated. In other words, the impact position of the IRUFH LV LGHQWL¿HG E\ (T ,W VKRXOG EH QRWHG WKDW ZKHQ the space charge is equal to zero, the total force acting on the EHD thruster is also zero i.e. the thrust magnitude acting on the emitter is the same as that on the collector, but the directions of the same are in opposite way. When space charge exists, this symmetric relation is violated, thus the thruster can generate non-zero thrust.
)LJ 7KH FRPSXWDWLRQDO PHVK QHDU WKH HPLWWHU ZKHQ WKH WKUHHÀXLG model is applied (in scale).
)RU WKH FXUUHQW LQ UHJDUG WR VSHFLHV ³V´RQ WKH HOHFWURGHV LW LV a bit easy to calculate, namely,
It should be noted that Eq. (44) represents current density for three dimensional geometry. In that case, the depth of the EHD thruster must be multiplied to convert the quantity to current.
Simulation Results
Thrust Evaluation
In this subsection, the thrust is quantitatively compared. It should be noted that the experiment includes three dimensional effHFWV ZKHUHDV QXPHULFDO UHVXOWV GR QRW )RU QXPHULFDO GDWD the thrust density is converted into the thrust by multiplying the length of EHD thruster (in this case, it is 40 cm) in the experiment.
2) It is remarkable that in the experiment, the thrust of the emitter and the collector cannot be known separately, whereas in the numerical result, it is calculated easily owing to Eq. (43). )RU RQHÀXLG PRGHO ZH FRQVLGHU WKH ERXQGDU\ RI LRQL]DWLRQ region around the emitter instead of the surface of the emitter electrode, so the thrust on the emitter is not precisely evaluated.
,Q )LJ DQG WKH WKUXVW GHQVLW\ YHFWRU RQ WKH VXUIDFH RI WKH FROOHFWRU LV VKRZQ ,QWHUHVWLQJO\ ERWK RI WKH ¿JXUHV LQGL cates similar distribution, except its magnitude despite essentially different models are applied. The difference in the magnitude would appear as a difference in the thrust value. Table. 1 shows the thrust comparison with diffHUHQW ÀXLG PRG els and with the experimental data when applied voltage is 10 kV and d = 1 cm. It is apparent form 13) It should be noted that if electron secondary emission coefficient increases, the thrust also increases. The thrust and the current apparently vary with the secondary electron emission coefficient, which depends on the material of the electrode, the gas species and the operation condition. When the secondary electron emission coefficient is QRW DYDLODEOH EHIRUHKDQG LW LV QHFHVVDU\ WR ¿QG WKH EHVW¿W YDOXH to give good agreement with the experimental data by some test calculation. Such procedure is expected not to be difficult, because the thrust and the current are not so sensitive to the secondary electron emission coefficient. It should be noted that the convergence to the steady-state solution becomes hard to be obtained for small gamma (for example, in the case of d = 3 cm and γ = 10 −4 ). The mechanism of the oscillatory solution has QRW EHHQ FODUL¿HG \HW DQG LV OHIW IRU WKH IXWXUH ZRUN
Discharge Current Evaluation
In this subsection, the current is quantitatively compared. It should be noted that the sign of the current is different between )LJ 7KH WKUXVW GHQVLW\ YHFWRU RQ WKH VXUIDFH RI WKH FROOHFWRU WKH YHFWRU OHQJWK LV WKH VDPH VFDOH DV LQ )LJ LQ VFDOH WKH WKUHHÀXLG model, φ 0 = 10 kV, d = 1 cm). Table. 1. In other words, the selection of the emission coefficient is very important.
Conclusion
)RU WKH SXUSRVH RI FODULI\LQJ SUHGLFWLRQ DFFXUDF\ RI WKH WKUXVW or current with diffHUHQW ÀXLG PRGHOV QXPHULFDO VLPXODWLRQV ZLWK WKH RQHÀXLG PRGHO DQG WKH WKUHHÀXLG PRGHO ZHUH FRQ GXFWHG ,W ZDV UHYHDOHG WKDW WKH RQHÀXLG PRGHO DQG WKH WKUHH ÀXLG PRGHO KDYH VLJQL¿FDQW GLfferences in regard to the perfor-PDQFH HYDOXDWLRQV RI WKH (+' WKUXVWHUV 7KH RQHÀXLG PRGHO has large errors to estimate the thrust of the EHD thrusters:
